Introduction
Organic light emitting diodes (OLEDs) are currently under intense investigation for applications in next generation display technologies. 1, 2 OLEDs are heterojunction devices in which organic active layers are incorporated into devices as thin solid films. These devices are normally composed of at least one hole-transport layer and one electron-transport layer forming an organic/organic heterojunction. Holes from the anode and electrons from the cathode travel through the transport layers until they form a singlet exciton that relaxes giving rise to electroluminescence. The organic materials are chosen with close regard to their electronic energy levels, usually such that the electrons are confined to the electrontransport layer which, upon injection of holes, also acts as the emitting layer.
Research into organic materials for use in OLEDs has mostly focused on conjugated polymers 3, 4 or low molecular weight materials. 5 In 1987 Tang and VanSlyke reported an efficient OLED using tris-(8-hydroxyquinoline)-aluminum (AlQ3) as the electron-transport layer and emitting material. 6 Since then, metal-quinolates have become standard electroluminescent materials for these devices, with AlQ3 being the most widely studied. 7 From a theoretical standpoint, numerous studies have been carried out examining the properties of AlQ3 directly related to its role in OLED devices; including the mechanism of charge transport 8 and the nature of the excited electronic states giving rise to device emission. [9] [10] [11] [12] Despite showing excellent device characteristics, full realization of this technology has been hampered due to a lack of device stability. OLEDs incorporating AlQ3 suffer from device degradation due to localized chemical failure and from a longtime intrinsic degradation in performance. Numerous causes of OLED device degradation have been reported in the literature, many being related to electrode materials such as the delamination of electrodes, 13 cathode oxidation 14 or electrochemical reactions at the electrode/organic interfaces. 15 These failure modes have largely been controlled by judicious choice of electrode metal and device architecture. Additional failure modes have been proposed that are directly related to the chemistry and properties of the AlQ3 layer used in the OLED devices. Popovic and co-workers 16 have attributed the long-term device degradation of AlQ3-based OLEDs to an intrinsic instability of the AlQ3 cation, which is formed due to an imbalance of charge at the heterojunction. A prevalent chemical failure pathway involves the hydrolysis of AlQ3 due to moisture contamination.
Papadimitrakopoulos and co-workers [17] [18] [19] first suggested that one of the major local failure modes for OLEDs incorporating AlQ3, is due to reaction with trace H 2 O, liberating 8-hydroxyquinoline and producing a hydroxylated aluminum quinolate, AlQ2OH. The released 8-hydroxyquinoline is thought to react further, yielding a nonemissive oxidative condensation product that quenches luminescence. Experimental observations using thermogravimetric analysis, gas chromatography-mass spectroscopy (GC-MS), infrared absorption and electronic absorption support the ready solid phase hydrolysis of AlQ3 exposed to air at elevated operating temperatures. [17] [18] [19] Recently, additional experimental evidence, obtained using AFM and acoustic sensing, implicate a reaction with H 2 O in the degradation of AlQ3 thin films, showing both a change in film morphology and composition. the thermochemistry and mechanism of the competing local chemical failure pathways. In the present work, we report a first attempt to examine the initial reaction step in the proposed chemical failure mode for AlQ3-based OLEDs due to the hydrolysis by trace amounts of water. First-principle calculations based on hybrid density functional theory are carried out for the reaction between AlQ3 and H 2 O to investigate the energetics and atomistic details of the hydrolysis reaction pathway. Calculations are carried out for the neutral and cationic AlQ3 species for comparison, to examine the effect of local charge imbalance on chemical reactivity. Also, an estimate of the changes in AlQ3 stability due to the condensed phase environment of the thin film layer comprising an OLED is obtained using a polarizable continuum model.
Methods
The calculations described here were carried out using the Gaussian suite of programs, 22 using the B3-PW91 hybrid density functional, which corresponds to Becke's three-parameter exchange functional (B3) 23 with Perdew and Wang's gradient-corrected correlation functional (PW91). 24 For ground state calculations, the standard Pople double-x basis set plus polarization was employed, denoted 6-31G(d). 25, 26 Full geometry optimizations were carried out for the reactants, transition structure and product species followed by subsequent harmonic frequency calculations, which verified the nature of the respective critical points and yielded zero-point energy (ZPE) corrections. In this work, all reported enthalpies include ZPE. The location of the transition state was determined by an extensive search using methods such as QST2. 27 More accurate reaction energetics were computed with the B3-PW91 functional and the 6-311þG(d,p) basis set 28, 29 using the B3-PW91/6-31G(d) optimized geometries. The use of the larger basis set changed the relative energies by 2-4 kcal mol
À1
. Basis set superposition corrections are expected to be ca. 1 kcal mol À1 or less, and were not included in the present calculations. The electronic absorption spectra for AlQ3 and AlQ2OH were obtained using time-dependent density functional (TD-DFT) calculations, using the B3-PW91 functional. 30 As in our previous study of the emissive excited state of AlQ3, 9 the 3-21þG* basis set was employed for the TD-B3-PW91 calculations. 25, 26 Condensed phase calculations were carried out using a conductor-like polarizable continuum model (CPCM), 31, 32 for comparison with the gas phase results.
Results and discussion
AlQ3 has become the archetype electron-transport and emitting layer in low molecular weight OLEDs, giving rise to devices with a characteristic green electroluminescence (l = 519 nm). 7 Experimental studies of the absorption and luminescence spectra of AlQ3 comparing results from solution and thin solid films indicate that the low-energy excited states of these materials are localized on individual molecular sites. 33 This is highly encouraging, suggesting that valuable insight might be obtained from gas phase molecular calculations. AlQ3 has two geometric isomers, the facial (fac-AlQ3) and meridianal (mer-AlQ3) forms having C 3 and C 1 symmetries, respectively. Experimental and theoretical studies indicate that mer-AlQ3 is the dominant form. Sheppard and co-workers 34 were unable to detect resonances from fac-AlQ3 during proton NMR measurements of AlQ3. Additionally, Kafafi and coworkers 35 carried out a low temperature matrix isolation infrared study of AlQ3 and found little or no evidence for the presence of the facial isomer. Computational studies have shown that mer-AlQ3 is the most stable geometric isomer. Curioni et al. 36 carried out calculations using the gradientcorrected density functional, B-LYP, and a plane wave/pseudopotential basis on both isomers of AlQ3 and found that mer-AlQ3 was ca. 4 kcal mol À1 lower in energy than the facial isomer. Kafafi and co-workers, 35 found that the mer-isomer was preferred by an even larger amount. Their results using the hybrid density functional, B3-LYP, and the SDD basis set puts mer-AlQ3 ca. 8 kcal mol À1 lower in energy then fac-AlQ3.
Therefore, the present work will consider mer-AlQ3 exclusively.
Neutral AlQ3 hydrolysis
The mer-AlQ3 structure consists of a central Al atom (þ3 formal oxidation state) surrounded by three quinolate ligands in a pseudooctahedral configuration. Each of the three ligands are bidentate coordinating to the metal centre through a pendent hydroxyl oxygen, with loss of H, and a skeletal nitrogen and are not equivalent, each being denoted as a-, b-and c-quinolate. The structure is such that the a-and c-quinolate nitrogens and the b-and c-quinolate oxygens are trans to each other, being connected to the fac-AlQ3 isomer through the flipping of the c-quinolate ligand. In the current study, the geometry of mer-AlQ3 was computed at the B3-PW91/6-31G(d) level of theory. The ground-state structure of AlQ3 has been studied extensively by a number of groups and the results of the present calculations are in excellent agreement with previous theoretical determinations [35] [36] [37] [38] [39] [40] and experimental measurements. 41, 42 The bond distances of the inner coordination sphere are given in Table 1 , and are within 0.02 Å of previous high level calculations 9 and within o0.035 Å of X-ray determinations. The orbital energies for mer-AlQ3 computed at the B3-PW91/6-31G(d) level of theory are À5.43, À5.33 and À5.10 eV and À1.83, À1.59 and À1.51 eV for the HOMO and LUMO triplets, respectively. The dipole moment is calculated to be 4.46 D, which is comparable, but slightly lower than 5.30-5.51 D, reported in previous studies. 9, 40 Of the proposed chemical failure pathways for AlQ3-based OLEDs, the degradation of AlQ3 through reaction with ambient moisture remains one of the most likely processes. In AlQ3 hydrolysis, monomers composing the active film encounter trace H 2 O and are thought to react according to a ligand-exchange mechanism, replacing one or more of the quinolates ligands with a hydroxyl group (AlQ2OH), and releasing a free 8-hydroxyquinoline ligand (HQ), as shown in Scheme 1. Both reaction products are then available to undergo further reaction within the matrix, producing final products that can degrade OLED device performance by depletion of emissive sites and/or production of species that quench luminescence. In experiments directly measuring the amount of released HQ upon exposure of AlQ3 to H 2 O, no detectable signal was found for temperatures below 90 1C (363 K), suggesting a thermally activated process. 18 In this work, the initial AlQ3 hydrolysis reaction pathway is characterized according to five critical point structures: the separated reactants (R), reactant encounter complex (RC), the transition state (TS), the product channel complex (PC) and finally the separated product species (P).
As H 2 O approaches AlQ3, it forms a reactant-like AlQ3Á Á ÁH 2 O complex. Numerous binding configurations between AlQ3 and H 2 O were evaluated and only the lowest energy structure is presented here. The AlQ3Á Á ÁH 2 O complex is strongly stabilized compared to the separated reactants due to two hydrogen bond interactions with the lone pair electrons of the oxygens in the a-and c-quinolate ligands. The minimum energy configuration for the reactant complex is shown in Fig.  1a , with the AlQ3 inner coordination sphere and H 2 O reactant atoms rendered to increase clarity. Bond lengths and relative energies for the AlQ3Á Á ÁH 2 O complex and for the separated reactants are presented in Table 1 . In this work, all reported reaction enthalpies include zero-point energy (ZPE) corrections. The reactant complex has a binding energy of 5.3 kcal mol
À1
. The bond lengths listed in Table 1 Previous studies have examined the binding of alkali atoms with AlQ3 using density functional methods. Calculations by Curioni and Andreoni 37 using the gradient-corrected B-LYP density functional gave a binding energy of 11.0 kcal mol À1 for
Ca interacting with mer-AlQ3, comparable to that found here for H 2 O.
Following association of H 2 O with the AlQ3, the system can evolve along the hydrolysis failure pathway. The reaction energy profile for the AlQ3 hydrolysis reaction is shown in Fig. 2 (critical structure energies denoted by J). The relative reaction enthalpies for AlQ3 hydrolysis are listed in Table 1 , along with inner coordination sphere bond lengths for the critical point structures. As illustrated there, the overall hydrolysis reaction is calculated to be endothermic, with the reaction products being higher in energy than the separated reactants by 11.4 kcal mol
. The structure of the activated complex for the process is shown in Fig. 1b . Previously, Papadimitrakopoulos and co-workers 18 carried out a series of GC-MS experiments to investigate the hydrolytic thermal stability of AlQ3 and obtain an estimate of the activation energy for the AlQ3 hydrolysis reaction pathway. They measured an approximate activation energy of 16.3-22.5 kcal mol À1 for sublimed and annealed AlQ3 films, which is comparable to the calculated barrier height reported here. Related calculations on the hydrolysis of diethyl zinc show that a second molecule of water participating in the transition state will lower the enthalpy of the barrier but raise the free energy of the barrier. 43 The energy of the product species is stabilized in the product channel through formation of an Al-Q2OHÁ Á ÁHQ complex which is 15.1 and 2.3 kcal mol À1 lower in energy than the transition state and separated products for this reaction. The final product is shown in Fig. 1c . It has been suggested that the AlQ2OH product may further react to form oxygen linked AlQ2 dimers, thereby regenerating H 2 O which can further hydrolyze the AlQ3 active layer. However at low moisture levels, it is possible that isolated AlQ2OH is formed in the matrix. Structural evidence for the AlQ3 hydrolysis pathway may be obtained using vibrational absorption spectroscopy. Xu and Xu have published a combined AFM, X-ray and infrared (IR) study of the effect of moisture exposure on AlQ3 thin solid films. 21 They did not report a detailed analysis, but conclude that a ''handful of vibration intensities and modes'' are affected by H 2 O exposure and limited their measurements to the wavenumber range from 700 to 1800 cm À1 . 44 has shown that hybrid density functional methods (e.g., B3-PW91) perform very well in predicting quantitative infrared intensities and scaled harmonic frequencies. Kafafi and co-workers, 35 used hybrid DFT in their study of the low-temperature IR study of AlQ3, obtaining excellent agreement with matrix infrared measurements, which allowed the definitive assignment of observed bands. Fig. 3 shows the calculated infrared spectra in the fingerprint region (oB1700 cm
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À1
) for AlQ3 and the hydrolysis pathway product, AlQ2OH. For clarity, the IR spectrum for AlQ3 is shown as absorption (upper trace) and the AlQ2OH IR is shown as transmission (lower trace). The calculated IR spectra were constructed using the scaled (0.9573) 45 theoretical vibrational frequencies and computed intensities by representing the IR bands by Gaussian lineshapes with a full width at half maximum (FWHM) of 4 cm
. Comparison of the spectra in Fig. 3 , indicates that the IR spectrum is largely conserved between reactant and product. Notable however are the bands of significant intensity in the region around 700 cm
, which is known to be associated with the out-of-plane and torsional modes. AlQ3 shows only two bands with substantial intensity, whereas AlQ2OH shows three bands. This difference is largely attributable to the appearance of a new band at 688 cm À1 which can be assigned to the Al-OH bend and whose observation would be indicative of the AlQ3 hydrolysis pathway. Further characteristic differences can be seen, considering only the far-IR region which is shown in Fig. 4a . There the AlQ3 and AlQ2OH theoretical IR are overlaid for comparison. As shown there, AlQ2OH is predicted to have a band at 292 cm À1 of significant intensity, in a region free of AlQ3 resonances. This normal mode can be assigned to an Al-OH torsional mode, which again is a characteristic probe of AlQ2OH.
To provide a comparison of the electronic absorption spectra for AlQ3 and AlQ2OH, time-dependent density functional theory (TD-DFT) was used to compute the first twenty vertical excitations at the optimized equilibrium geometry. Previously, TD-DFT was used to extensively investigate the excited states of AlQ3. 9, 40 Fig. 4b , shows the calculated absorption spectra for AlQ3 and AlQ2OH. The S 0 -S 1 electronic transition for AlQ3 is computed to be 2.95 eV, which is intermediate to the previous theoretical determinations of 2.90 and 3.0 eV, using the TD-B3-LYP/3-21þG** 9 and TD-B3-LYP/6-31G(d) 40 levels of theory. Experimentally, this transition is observed at 3.18 eV (390 nm) 46 and can be assigned unambiguously to 1 L a excited state of the 8-hydroxyquinoline. 47, 48 Two critical differences can be observed between the AlQ3 and AlQ2OH traces in Fig. 4b . For AlQ2OH, the first absorption peak has an oscillator strength decreased by 17% compared to AlQ3. Additionally, the band edge and peak position is blue-shifted by 0.14 eV for AlQ2OH. Since the spectral shift is opposite that required to increase the overlap between the emission envelope of AlQ3 and the absorption of hydrolysis product, this seems to indicate that the species responsible for luminescence quenching in aged AlQ3-based OLEDs is the condensation product formed by further reactions of the liberated AlQ3 hydrolysis products.
Cationic AlQ3 hydrolysis
There is a growing consensus that one factor leading to the chemical failure of low molecular weight OLEDs is an imbalance of charge carriers in one of the transport layers composing the device. 49 Experiments carried out by Aziz et al.
16
suggest that for AlQ3-based devices, degradation is related to an imbalance of charge on the AlQ3 side of the heterojunction; resulting in the build-up of cationic AlQ3 species which may be less stable and more reactive than the pristine material. This is consistent with known approaches to extending AlQ3-OLED device lifetime, involving the introduction of charge injection layers to limit carrier transport. 50 Cationic AlQ3 may be more susceptible to chemical reactions such as the hydrolysis failure pathway. To examine this possibility, calculations were carried out for the AlQ3 The unbalanced injection of a hole across the heterojunction into the AlQ3 electron-transport layer would result in the oxidation of an AlQ3 monomer giving a cationic AlQ3 species. The cationic molecular structure of mer-AlQ3 has been studied previously using density functional theory 36 and the results reported here are comparable; predicting similar structural changes. The bond distances of the inner coordination sphere are given in Table 1 , for comparison with those of the neutral. As seen there, oxidation of mer-AlQ3 results in a change in the Al-N and Al-O distances for the a-, b-and c-quinolates of þ0.02 and þ0.06, À0.01 and þ0.01, and À0.07 and À0.04, respectively. Comparison of the B3-PW91/6-31G(d) total energies for the neutral and cationic AlQ3 structures gives an ionization potential (IP) of 6.32 eV. This value is in reasonable agreement with experimental measurements which report the IP of AlQ3 to be B6 eV. 51 Fig. 2 , along with the neutral potential surface for comparison (critical structure energies denoted for the neutral and cation by J and K, respectively). The relative reaction enthalpies for cationic AlQ3 hydrolysis are listed in Table 1 , along with inner coordination sphere bond lengths for the critical point structures. As seen in Fig. 2 33 This lends support for the use of AlQ3 monomers in quantum chemical studies of chemical reactivity. To check the validity of this approximation, polarizable continuum model (PCM) energy calculations were carried out to estimate the differences in energetics between the gas phase and in an AlQ3 thin solid film. In a PCM calculation, the reacting system is placed inside a cavity embedded in a polarizable continuum with a fixed dielectric constant characteristic of the condensed phase environment. Given the nature of the weakly interacting AlQ3 film, such an approach may be expected to be highly successful. The experimental dielectric constant of thin films of AlQ3 is reported to be 3.0 AE 0.3 as determined from capacitance measurements. 40 Using a dielectric constant of e = 3.0 to represent the AlQ3 films, PCM calculations indicate that the effect on reaction energies is mostly small. The activation energy and endothermicity change by only 2.2 and À0.6 kcal mol À1 for neutral AlQ3, and 0.4 and À3.4 kcal mol À1 for cationic AlQ3 hydrolysis reactions, respectively, compared to the gas phase. It is notable though that the AlQ3 1 hydrolysis reaction becomes more thermodynamically favorable overall in the condensed phase. During operation OLEDs can undergo significant heating due to the high resistance of the poorly conducting organic active layers (Joule effect). Joule heating has been implicated in the failure of AlQ3-based OLEDs, driving thermally activated processes such as changes in film morphology. 53, 54 The absence of steady-state conditions during device operation and Joule heating of local sites in the AlQ3 active layer opens the potential for film degradation due to the AlQ3 hydrolysis pathway characterized here. If a typical value for the exponential prefactor is used (ca. , compared to the separated reactants. The hydrolysis pathway was found to be thermally activated, in agreement with experimental observations, having a classical barrier height of 24.2 kcal mol
À1
. The final 8-hydroxyquinoline and neutral AlQ2OH products were determined to be higher in energy by 11.4 kcal mol
. Despite significant infrared spectral congestion, characteristic probes were identified to assist in the experimental corroboration of the role AlQ3 hydrolysis may play in OLED degradation. A comparison of electronic absorption between AlQ3 and AlQ2OH highlights clear differences in the spectra for these systems. Comparison of the reaction energetics calculated for neutral and oxidized AlQ3 clearly implicates charge imbalance in promoting the rate of chemical failure modes in OLED devices. The activation energy for the AlQ3 1 hydrolysis pathway is 35% lower than for AlQ3, making it significantly more kinetically favorable.
